Benajes Calvo, JV.; Bermúdez, V.; Climent, H.; Rivas Perea, ME. (2013). Instantaneous pressure measurement in pulsating high temperature internal flow in ducts. Applied Thermal Engineering. 61 (2) Abstract. Research tasks in internal combustion engines often require instantaneous pressure measurement of the gases inside the exhaust manifold including absolute value information. In such environment, flow operation includes high temperature and extremely pulsating conditions. The work described in the paper identifies the problems that arise when acquiring absolute pressure with a piezoresistive transducer. A methodology based on using an additional cooler for a piezoresistive sensor placed between the duct and the original sensor cooler adaptor is proposed for dynamic pressure measurement. Specific tests have been performed in cold and hot pulsating flow in order to check the influence of the additional cooler geometry. It is possible to remove the effect of the additional cooler but the procedure depends on the the pressure in the duct. If relevant frequencies in the signal are similar to the natural frequency of the cooler, a simple filtering technique is not recommended. In this case, direct application of the acoustic theory inside ducts allows the reconstruction of the instantaneous pressure in the duct. Comparisons between the reconstructed pressure and measurements carried out with piezoelectric transducers, which do not capture the absolute value of the signal but can be placed in the duct without using an additional cooler, in hot and pulsating flow are presented. Results confirm that the method for pressure reconstruction from additional cooled piezoresistive transducers provides accurate information for instantaneous pressure measurement in hot and pulsating flow conditions inside ducts.
Introduction
Instantaneous pressure measurement is an interesting tool often used in research areas in internal combustion engines.
Pressure pulses inside intake and exhaust manifolds influence on engine performance in several ways. In a four-stroke engine, volumetric efficiency can be improved by tuning the intake, and pumping losses reduction is achieved with proper exhaust manifold design [1] . In two-stroke engines, the exhaust system geometry is tuned in order to configure the instantaneous pressure evolution in the exhaust port for improving cylinder scavenging and avoid short-circuit phenomenon [2] . Therefore, cycle-resolved pressure acquisition in intake and exhaust manifolds gives relevant information concerning internal fluid-dynamic processes in engines. This experimental information can also be helpful to develop or validate models when performing engine simulations [3] .
To measure pressure an electrical signal must be generated in response to a pressure input. Typically, pressure is measured by allowing the pressure to deflect or strain a member of a transducer. This strain can then be measured in a variety of ways, using capacitive, piezoresistive and piezoelectric effects, as well as other techniques to measure displacement. In intake and exhaust systems in engine applications, either piezoresistive or piezoelectric transducers are widely employed. Piezoelectric measuring technology is used for carrying out measurement tasks with extreme requirements in terms of geometry, temperature range and dynamics. On the other hand, piezoresistive sensors are used for truly static pressure measurement. Their dynamic characteristics are also excellent but cannot withstand as high temperatures as piezoelectric devices.
Focussing on instantaneous pressure measurement in exhaust systems, flow temperature is an important issue. When the engine exhaust valves open, hot gases leave the cylinder at extremely high temperature, with averaged values up to 1000ºC, depending on the application. Piezoelectric sensors can be placed directly in the duct with the main inconvenient that absolute pressure level is not captured, which often provides important information. On the other hand piezoresistive sensors are able to register not only pressure dynamics but also the absolute value. However, they cannot be placed directly in the duct due to temperature constraints [4] . For this reason, piezoresistive sensors in hot environment applications are provided with a cooled adapter in order to reduce the temperature of the gases that are in contact with the sensor diaphragm. The performance of this cooler is valid for certain applications but, under exhaust gas flow extreme temperatures, measurement accuracy gets compromised. The design and water flow specifications of coolers adaptators that can be found on the market are very similar, so they all have accuracy problems when the sensor is placed very closed to the exhaust port. In order to solve this problem, the paper presents a methodology related to the use of an additional cooler that can be employed for acquiring absolute pressure measurements in high temperature, pulsating flow conditions, with accuracy and repeatability. Mounting techniques and geometry studies have already been carried out for in-cylinder pressure measurement using piezoresistive [5] and piezoelectric sensors [6, 7] as it is very important to develop data treatment [8] and detect measurement errors [9] in order to perform accurate combustion analysis [10] . In the paper a Kistler 4045 A2 piezoresistive sensor with the original cooler adapter 7511 provided by the manufacturer, whose main characteristics are shown in the left side of table 1, is used in order to obtain the instantaneous and absolute value of the pressure. In addition, a Kistler 6031 piezoelectric sensor with the original cooler adapter 6509 provided by the manufacturer, whose main characteristics are shown in the right side of the table 1, is used to obtain the instantaneous pressure signal. A methodology based on using an additional cooler placed between the duct and the piezoresistive sensor is proposed for dynamic pressure measurement accuracy and repeatability.
The paper is structured as follows. Section 2 is devoted to the identification of the problem when using piezoresistive devices under steady and hot flow conditions. Section 3 contains the proposed solution in order to achieve accurate measurements using an additional cooler. Reconstruction of the pressure in the duct from measurements in the cooled piezoresistive sensor with the application of the acoustic theory in compressible flow in ducts is described in Section 4.
Results and discussion are given in Section 5. Finally, main conclusions of the present study are presented in Section 6.
Identification of the problem
A thermal characterisation of the transducers in an air furnace up to 100ºC reading ambient pressure was performed.
Each transducer was placed with its own cooler adapter, one with manufacturer's recommended cooling flow through it and the other one with higher flow. As figure 1 depicts, significant thermal zero shift was detected during the transient cooling of the transducers from the furnace to room temperature. Thermal zero shift was greater in the case where high cooling flow was used. Thermal zero shift is the difference between the measured pressure by the sensor and the real pressure.
In summary, zero shift issue during transient cooling in the air furnace when measuring static pressure, lead to the conclusion that the root cause of the problem could be the temperature gradient at the transducer membrane. The central area of the diaphragm is directly in contact with hot gases, and the peripheral area is strongly cooled by the cooling adapter, creating a significant local temperature gradient in the membrane that affects the normal operating conditions of the transducer. When reducing the gas temperature, and thus the gradient, a smaller reading shift was detected. This problem is going to be amplified in pulsating hot flow conditions (exhaust pressure measurement) leading to false pressure measurements, so an additional cooler design is needed to solve the transducer membrane gradient problem in order to ensure measurement accuracy.
Additional cooler design
Assuming the hypothesis that temperature gradient in the diaphragm causes measurement issues in piezoresistive sensors, the objective is to try to reduce exhaust gas temperature that will be in contact with the transducer membrane.
The only valid approach is to place a second cooler between the exhaust pipe and the cooling adapter 7511 provided by the manufacturer. In this way, a small and cooled volume of gas is created and direct contact of the circulating hot gases with the membrane is prevented. A basic rule when measuring dynamic pressure in a duct is to place the sensor surface of the transducer in the same plane as the duct wall. When there is a volume between the duct and the sensing surface, the geometry of the system changes with the addition of a volume and, therefore, the pressure wave dynamics is affected.
The instantaneous pressure in a duct is the composition of the waves travelling forward and backward in the duct. A lateral volume will introduce a boundary condition in the system with its own natural frequency. The size of the volume determines the importance of this effect: the influence is higher when the volume increases. Since the pressure is measured in the bottom section of the volume, the measured pressure will be the composition of the pressure in the duct and the pressure waves contributed by the cooler geometry. As the length of the volume shortens, the resonance frequency increases and, therefore, induces less interference with the main pressure signal at low frequency content.
Due to the pulsating characteristics of the flow in the duct, there is a fluctuating gas flow within the volume, producing an entrance of gas into the volume when the pressure gradients are positive and leaving the volume when they are negative. This flow in the volume creates a local pressure loss due to friction that distorts the instantaneous pressure in the membrane of the transducer from the pressure in the duct. To minimize this effect, the instantaneous flow entering and leaving the additional cooler should be small, leading to the conclusion that the cooler volume must be reduced to a minimum value.
In opposition to what has been stated in the last two paragraphs, taking into account the cooling performance of the additional cooler, its volume should be large to be able to reduce the exhaust gas temperature in the central part before arriving to the membrane. The combination of the effects commented before are difficult to predict or model and the design of the additional cooler turns into a trial-and-error approach keeping in mind that volume should be small but large enough for attaining cooling characteristics. For this reason the cooler is restricted to a large aspect ratio geometry. 
Pressure reconstruction
The procedure for determining the instantaneous pressure in the duct using the measured signal from the cooled piezoresistive sensor is detailed in this section. The main idea is to translate the pressure that is measured at the closed end of the additional cooler, as seen in figure 2 , to the open end, that is, the junction to the duct. The additional cooler geometry resembles a Helmholtz resonator, whose natural frequency can be obtained with [11] :
where c is the sound velocity, V is the volume of the resonator chamber, and S is the neck cross section and L' is the neck length. The natural frequency of a straight duct with a single closed end is:
Therefore, a straight duct with a single closed end and the same natural frequency as the additional cooler would have a length that can be calculated with:
(3) Figure 3 shows the transfer functions of a Helmholtz resonator, whose V, S and L' values are obtained from the additional cooler geometry in figure 2 , and the equivalent duct with the same natural frequency. The behaviour of both systems is very similar, at least in the frequency range that is relevant for engine operation that corresponds to frequencies lower than 1200 Hz.
Assuming the previous analogy between the additional cooler and a straight duct (with a modified length calculated by Equation 3), the main objective is to translate the pressure measured in the closed end to the open end. This operation can be easily performed by using the acoustic theory when solving the compressible flow equations inside the equivalent duct. In fact, using the well known transfer matrix representation [12] , it is possible to translate pressure and velocity from one side of a duct to the other with:
where k 0 is the wave number, L is the length of the duct and Y 0 the characteristic impedance.
Since pressure at the closed end is measured and velocity equals to zero, one could obtain these variables at the other end of the duct. However, k 0 and Y 0 depend on the sound velocity, which depends as well on gas temperature, which is not constant along the cooler. This issue is solved if a temperature gradient is assumed inside the cooler [13] . For temperature field determination a linear variation between exhaust gas temperature in the duct, which should be measured, and the temperature of the piezoresistive diaphragm is assumed. Following sections will detail how this value is obtained.
Results and discussion

Thermal efficiency
In order to evaluate the cooling capability of the additional cooler, it was tested in an engine exhaust pipe. The cooling adapter recommended by the piezoresistive manufacturer was also attached but the transducer was replaced by a dummy device with a thermocouple bounded in the centre of a thin plate placed in the same position of the transducer diaphragm. Figure 4 shows the results of these tests.
The two lines show the thermocouple readings as a function of the exhaust gas temperature with and without the additional cooler. The cooling water temperature at the outlet of the coolers was 20ºC and the water flows were: 0.5 l/min in the piezoresistive cooling adapter and 2 l/min in the additional cooler. It can be observed that the additional cooler is able to keep a constant temperature in the core of the membrane, thus, reducing greatly the thermal gradient between the coolant and the centre of the plate. It is also interesting to note how the temperature in the membrane increases with the exhaust gas temperature. This increase is unacceptable when the additional cooler is not used and validates the hypothesis of temperature gradient causing thermal shift when operating at pulsating hot flow conditions.
Pulsating and cold flow conditions
Specific tests were designed in the pulsating test flow rig described in figure 5 for evaluating the influence of the additional cooler on the instantaneous pressure existing in the pipe. Two piezoresistive transducers were placed one opposite the other in a cross section of the straight pipe. Two tests were performed: (A) the two transducers are placed without using the additional cooler, and (B) one transducer is placed without the additional cooler while the other one is attached to it. Since these tests are carried out under cold flow conditions, measurements from the transducers without the additional cooler are reliable.
Results at 900 rpm are presented in figure 6 . The influence of the additional cooler on the pressure in the duct can be observed by comparing the measurements obtained from transducers without using the cooler in tests A and B. The influence of the volume on the main signal is not significant as it is observed in the upper plot in figure 6 . It is important to highlight that the two signals compared in these figures correspond to two different tests (A and B) and, therefore, the repeatability error of the test rig is included.
The differences on the measured pressure signals (in the duct and in the volume) are detected when plotting the results of test B. As the bottom graph plots, the effect of the additional cooler is clearly observed. Small high-frequency peaks appear on the instantaneous pressure registered in the piezoresistive device placed in the additional cooler. The frequency of theses peaks correspond to the natural frequency of the additional cooler, which is about 600 Hz using the geometry of the cooler, the sound velocity at room temperature and Equation 1. Figure 7 shows the spectra of the measurements in test B, where differences in the range of 600 Hz appear in the signals with and without additional
cooler. An important conclusion from these tests is that the ripple induced by the volume is not translated into the main signal.
Pulsating and hot flow conditions
In this section, pressure measurements in a straight duct in the exhaust system of two different engines are presented.
Both are gasoline engines, which attain higher exhaust temperature values than Diesel units. One is a four-stroke automotive engine while the other one is a small two-stroke engine. Both provide an exhaust pulse with an important amplitude peak at the beginning of the exhaust period. Two-stroke small engine testing is interesting since frequency content in the exhaust pressure is high due to: (a) one combustion process every engine revolution, and (b) engine speed achieves higher values than in an automotive 4S engine.
Instantaneous pressure measurements are performed as follows: a piezoresistive sensor with the additional cooler and a piezoelectric sensor, whose main characteristics are shown in the right of table 1, were placed at the same cross section in the duct measurement point as depicted in figure 8 . A piezoelectric device measures instantaneous pressure in the duct without needing the additional cooler since it is able to withstand extreme exhaust gas temperatures. The piezoelectric signal average value is corrected taking into account the piezoresistive measurement. Instead of using the acoustic theory to reconstruct the signal, the results of the application of a simple low-pass filter post-processing to the piezoresistive measurements are shown in figure 10 . Calculated and filtered results are plotted against piezoelectric measurements; an exact matching would show all the points in the 45º bisecting line. Filtering technique is best suited for low engine speeds although results using the acoustic theory provide better correlations than filtering procedure. Moreover, choosing an appropriate cut-off frequency is not evident since it should be lower than the natural frequency of the cooler but large enough in order to avoid signal information loss.
Results for the instantaneous exhaust pressure in the 2S engine are shown in a similar way in figure 11 , where the engine was running at 4500 and 6900 rpm. In this case, differences between piezoelectric and piezoresistive measurements are more evident as observed in the upper plots. The reconstruction of the piezoresistive signal provides the calculated data, which are also compared with the piezoelectric measurement. Results show good agreement in crank-angle resolution except when the pressure pulse, due to the opening of the exhaust port, is very steep. As figure 12 presents, filtering post-processing is definitely not convenient in this application due to high frequency content in the exhaust pressure signals. The natural frequency of the piezoresistive cooler is not high enough and choosing the cut-off frequency is critical. Increasing the natural frequency of the cooler is not a valid solution since it involves the reduction of its length, which decreases the thermal performance of the additional cooler.
Conclusions
An experimental methodology was followed in order to identify the source of the zero and sensitivity shifts of the piezoresistive transducers for dynamic pressure measurement when operating under engine exhaust conditions.
Temperature gradient in the membrane of the pressure sensor is a key issue for accurate and repetitive measurements. Therefore, the use of an additional cooler placed between the duct and the sensor original cooler was proposed.
Specific tests demonstrated that the additional cooler geometry does not influence on the pressure inside the duct although the pressure registered by the cooled piezoresistive sensor may differ from the pressure in the duct. It is possible to remove the effect of the additional cooler on the signal that is registered with the cooled piezoresistive transducer but the procedure depends on the frequency content of the pressure in the duct.
If relevant frequencies in the duct pressure are lower than the natural frequency of the cooler, a low-pass filter can be applied in order to remove the ripple added by the cooler. However, if relevant frequencies in the signal are similar to the natural frequency of the cooler, a simple filtering technique provides inaccurate results. In this case, direct application of the linear theory for solving the behaviour of the compressible flow within a one-dimensional approach inside ducts allows the reconstruction of the instantaneous pressure in the duct by using the registered signal in the cooled piezoresistive device. Low-pass filtering technique can be applied in four stroke engines running at low engine speeds but, at high speeds or in small two stroke engines, signal reconstruction using the acoustic theory, via transfer matrix representation, provides better results.
Results confirm that the method for pressure reconstruction from the additional cooled piezoresistive transducer, which account for absolute pressure value, provides accurate information for instantaneous pressure measurement in hot and pulsating flows inside ducts. Table 1 . Technical data of piezoresistive and piezoelectric pressure sensors 
